Aim: To evaluate the role of gray scale ultrasonography (US) and real time elastosonography (RTE) in carpal tunnel syndrome (CTS). Materials and methods: Both wrists of 18 healthy volunteers (n=36) formed the control group (Group 1) and 19 symptomatic outpatients of the neurology clinic constituted the patient group. According to nerve conduction study results, cases with mild CTS (n=15) formed Group 2; cases with moderate to severe CTS (n=20) formed Group 3. Cross sectional area (CSA) and strain ratio (SR) were measured at carpal tunnel inlet (CTI) and 4 cm proximal to the distal end of the radius (P). CSA and SR change score (CSA CTI -CSA P ; SR CTI -SR P ), CSA and SR ratio score (CSA CTI / CSA P ; SR CTI / SR P ) were calculated.
Introduction
Carpal tunnel syndrome (CTS), first described by Phalen in the 1950s, consists of the entrapment of the median nerve within the carpal tunnel and constitutes about 90% of all entrapment neuropathies [1] . It has a prevalence of 5.8% in women and 0.6% in men [2] .
Median nerve conduction study (NCS) demonstrates the severity of the disease and the level of the entrapment [3, 4] with moderate sensitivity of (49%-84%) and a very high specificity (95%-99%). A decrease in the median nerve motor conduction velocity is a typical electrophysiological finding in CTS. Although NCS is the gold standard test for the diagnosis of CTS, it has some limitations which are the inability to evaluate the anatomy of the median nerve and the surrounding structures as well as the discomfort of the study.
Ultrasonography (US) has been extensively utilized in the diagnosis of CTS with the benefits of displaying ganglion cysts, mass lesions, and tenosynovitis. The most commonly used US method is the measurement of the cross-sectional area (CSA) of the median nerve at various levels within the carpal tunnel mostly at inlet, mid tunnel, and at outlet [5] [6] [7] [8] [9] . To reduce the discrepancies in the CSA measurements, comparison of the CSA of the median nerve within the carpal tunnel to an unaffected site such as the forearm has been proposed and the swelling ratio has been suggested as a promising method [10] [11] [12] .
Doppler US has been used to detect the increase in the intraneural blood flow of the median nerve in CTS. In a systematic review of seven studies published between 1985 and 2013, Doppler US was concluded to be a promising diagnostic tool with the need of further studies to be implemented into routine practice [13] . In a study involving 101 patients with CTS, an image processing program was designed which calculates the sum of pixels in the intraneural vascular area on power Doppler US scans of the median nerve. The sum of pixels was significantly higher in patients than in controls, proposing the application of color Doppler US in the diagnosis of the CTS and evaluating its severity [14] .
Real time elastosonography (RTE) has recently emerged as a sonographic method which measures the stiffness of the lesions and various tissues [15] [16] [17] [18] [19] [20] . The utility of RTE in the CTS patients needs to be researched due to the limited number of studies in this field. The purpose of this study was to evaluate the utility of RTE in the diagnosis and the assessment of the severity of CTS and to determine the best cut-off values of the strain ratio (SR) measurements. We also analyzed the cut-off values of the cross sectional area (CSA) measurements of the median nerve determined by gray scale ultrasonography (US).
Materials and methods

Study Sample
After obtaining the approval of the institutional review board, 18 healthy volunteers who were working as hospital staff and 19 symptomatic outpatients of the neurology clinic were included in the study between April 2013 and May 2014. Informed consent was obtained from all participants. Clinical evaluation was carried out for all participants in the neurology department. Symptomatic patients were referred to NCS for the median nerve. Both wrists of healthy volunteers (n=36) and symptomatic wrists of the patients whose NCS results were in accordance with CTS (n=35) were examined in the radiology department.
Clinical diagnosis of CTS was based on the clinical diagnostic criteria of the American Academy of Neurology [3] : paresthesia and pain in the affected hand during night or in the morning, sensorial complaints which occur with repetitive hand movements, positive Phalen test, sensorial deficit, motor deficit, and atrophy in the area innervated by the median nerve. In the presence of at least one of these conditions patients underwent NCS of the median nerve. NCS was performed at room temperature with an electroneuromyography machine (Nicolet, Viking, EDX, USA). The electrophysiological findings obtained through the NCS were classified into four groups [21] : Normal: Electrophysiological findings within normal range; Mild CTS: Sensory conduction abnormalities at the level of the wrist segment with preserved distal motor latency; Moderate CTS: Sensory conduction abnormalities at the level of the wrist segment and abnormalities of the distal motor response; Severe CTS: Absence of sensory response and abnormalities of the distal motor response Exclusion criteria were represented by conditions which can cause CTS such as diabetes mellitus, thyroid disease, polyneuropathy, pregnancy, and previous surgery for CTS. We evaluated 71 wrists in 19 patients and 18 normal subjects, (29 women and 8 men), by US and RTE. The mean age of the patients was 46±13 years (age range, 26-78 years) and the control group was 44±11 years (age range, 22-75 years). The patient flow of the study is summarized in figure 1 .
Gray-scale US and RTE Evaluation All US examinations were carried out by a radiologist with 18 years of experience in sonography blinded to patient data. A second radiologist with 10 years of experience in sonography, who was also blinded to patient data, watched the whole examination and the images to be analysed were chosen in consensus. An ESAOTE Gold Platform MayLab 60, Genoa, Italy ultrasound machine with a linear probe of 4-13 MHz equipped with elastography software was used. During the examination, the patients were seated on the examination bed with the forearm lying on a box 25 cm high, the hand in supination position and fingers extended.
B-mode images were first obtained. Examination started with an overview of the volar side of the forearm to rule out any mass lesions and variations of the median nerve. The median nerve was examined in both longitudinal and transverse views. We chose to evaluate the median nerve at two levels: 4 cm proximal to the distal end of the radius (P) and at the carpal tunnel inlet (CTI). The CSA of the median nerve was determined in both places using a continuous boundary trace along the inner Afterwards RTE was performed by applying light vertical pressure followed by decompression until a good quality image was obtained. The software assisted the sonographer to be aware of the compression degree with the help of a spiral compression indicator in the right lower corner of the screen. The measurements were done when more than half of the spiral indicator was green. A color coded elastogram was displayed over the B-mode image ranging from green (soft) to red (hard). A regionof-interest (ROI) box was placed over the whole cross sectional area of the median nerve (average strain represented as Z1) and the adjacent tissue at the same depth (average strain represented as Z2) was used as the reference. SR (Z2 / Z1) which reflects the stiffness of the median nerve was calculated. SR measurements were performed at both levels ( fig 3) .
All the B-mode and RTE measurements were conducted three times on the selected images and averaged to reduce the error. The US examinations were done on the same day of the NCS.
In each patient by taking the absolute difference between the gray scale CSA measurement at the level of carpal tunnel inlet (CSA CTI ) and 4 cm proximal to the distal end of the radius (CSA P ), CSA change score (CS-A CTI -CSA P ) was calculated. Division of the CSA CTI by the CSA P revealed the CSA ratio score (CSA CTI / CSA P ) for each patient. Similarly SR change score (SR CTI -SR P ) was calculated by determining the absolute difference between the strain ratio measurement at the level of carpal tunnel inlet (SR CTI ) and strain ratio 4 cm proximal to the distal end of the radius (SR P ), Division of the SR CTI by the SR P revealed the SR ratio score (SR CTI / SR P ) for each patient.
Statistical Analysis
The statistical analysis was performed using SPSS version 18.0 (SPSS Inc, Chicago, IL, USA). Receiveroperating-characteristics (ROC) curves for the ultrasonographic measurements of the median nerve were plotted to identify the best cut-off values for the diagnosis of CTS. Dunn's Z test, Kruskal-Wallis and Anova test were used for the analysis of CTS subgroups. The Tukey test was carried out to analyze whether there was a statistically significant differencebetween groups. p<0.05 was considered to be statistical signficant.
Results
According to the NCS results 35 median nerves of 19 patients met the criteria for CTS. The gray scale and RTE measurements of the median nerve in healthy volunteers and the patients with CTS are summarized in Table I .
Fifteen median nerves were in accordance with mild CTS, 15 with moderate CTS, whereas only 5 demonstrated severe CTS. Due to the low number of cases with severe CTS, cases with moderate and severe CTS were included in the same group and the statistical analysis was performed for these three subgroups: Group 1, the control group (n=36); Group 2, wrists with mild CTS (n=15) and Group 3, wrists with moderate to severe CTS (n=20). The gray scale and RTE measurements of the median nerve of the CTS are detailed in Table II. For the discrimination of CTS the best cut-off values of all the measurements are demonstrated in Table III . 
RTE Measurements SR measurements at the level of carpal tunnel inlet:
There was a statistically significant difference among the subgroups (p=0.000). According to SR measurements the median nerve was significantly stiffer in Group 2 compared to Group 1; also in Group 3 compared to Group 1 (p=0.000). But there was not a statistically significant difference between Group 2 and Group 3 (p=0.922).
SR change score: There was a statistically significant difference among the subgroups (p=0.000). The difference was significant between Group 1 and Group 2; also between Group 1 and Group 3 (p=0.000). But there was not a statistically significant difference between Group 2 and Group 3 (p=0.735).
SR ratio score: There was a statistically significant difference among the subgroups (p=0.000). The difference was significant between Group 1 and Group 2; also between Group 1 and Group 3 (p=0.000). But there was not a statistically significant difference between Group 2 and Group 3 (p=0.735).
Gray-Scale Measurements CSA measurements at the level of carpal tunnel inlet: There was a statistically significant difference among the subgroups (p=0.000). The difference was statistically significant between Group 1 and Group 3 (p=0.000), also between Group 2 and Group 3 (p=0.001). But there was not a statistically significant difference between Group 1 and Group 2 (p=0.945).
CSA change scores: There was a statistically significant difference among the subgroups (p=0.013). The difference was only statistically significant between Group 1 and Group 3 (p=0.015). On the other hand there was not a statistically significant difference between Group 1 and Group 2 (p=0.245), similarly between Group 2 and Group 3 (p=1). with carpal tunnel syndrome compared to healthy volunteers in accordance with the results of our study [25] . Furthermore the authors were also able to obtain higher median nerve stiffness values in patients with severe or extremely severe CTS compared to patients with mildly or moderately severe CTS unlike our results. This difference could be attributed to the difference of the elastographic technique, and the difference in the formation of the subgroups. Shear wave elastography could be more reproducible and accurate in the categorization of the severity of CTS when the two elastographic methods are compared. The use of gray scale US for the evaluation of CTS has been widely studied. The measurement of CSA of median nerve is the most frequently used method for diagnosis of CTS by gray scale US. Two methods to analyze the swelling of the median nerve have been suggested. Swelling ratio, calculated as the ratio between the CSA at the distal radius and pisiform levels, has been reported to have very low sensitivity (6%), revealing that internal comparison within the wrist is not a valid method [26] . On the other hand measurement of the swelling as the ratio of the CSA between the forearm and wrist at the level of pisiform has decreased the rate of false-negative results from 37% to 2% [27] . An alternative measurement of swelling calculated as the absolute change in the cross-sectional area between the forearm and carpal tunnel region has also shown high diagnostic accuracy at 96% to 100% sensitivity [28] . In a recent study with 643 wrists diagnosed as mild, moderate and severe CTS, Klauser et al calculated the difference and ratio of the CSA measurements of the median nerve at the carpal tunnel and the pronator quadratus muscle sites. Both parameters were succesful in detecting the severity of CTS [29] .
Nevertheless the demonstrated cut-off values of the CSA measurements of the median nerve range between 9-12 mm 2 with sensitivities between 73.4-99% and specificities between 57.1-100% among different studies [9, [30] [31] [32] [33] [34] . These inconsistencies could be related to the measurement of the CSA of the median nerve at different levels as well as the selection of the study sample, since age, gender, and ethnic group may affect the thickness of the median nerve.
In this study the best cut-off value for CSA for the discrimination of CTS was 10.8 mm 2 at the level of carpal tunnel inlet which was close to the results of the study conducted by Sarria et al [30] . They observed a meaningful swelling in the median nerve at the proximal, middle, and distal segments in CTS patients. For CSA greater than 11 mm 2 , the sensitivity, specificity, positive predictive value, and the negative predictive value were 73.4%, CSA ratio scores: There was not a statistically significant difference among the subgroups (p=0.05).
Discussions
In this research none of the CSA measurement methods can discriminate patients with mild CTS from the control group. On the other hand all of the SR measurement methods in our study can discriminate both patients with mild CTS and patients with moderate to severe CTS from the control group. Nevertheless the inadequacy of the SR measurement by RTE is that it cannot determine the severity of the CTS which can be achieved by the measurement of the CSA at carpal tunnel inlet. All of the SR measurement methods used in this research demonstrated p value of 0.000 which can suggest that RTE could be more sensitive compared to gray scale US in the diagnosis of CTS.
An exception is that in one patient with mild CTS and in another patient with severe CTS the SR CTI measurements obtained by RTE were even lower than the SR P . Both of these patients had obviously increased CSA CTI compared to CSA P . The inability of RTE to discriminate CTS in those two patients can be attributed to the decreased sensitivity of RTE in the cases with significant edema where the median nerve appeared completely hypoechoic without the differentiation of the inner hyperechoic nerve fibers. It should be kept in mind that severe edema of the median nerve can lead to decreased stiffness which can be misleading in the interpretation of SR results. In both patients there was a fourfold increase in the ratio of CSA CT to CSA P . In such instances with extremely increased CSA ratio, we do not suggest the assesment of CTS only by RTE but the combined use of CSA and SR measurements.
The literature on elastographic SR analysis for the assessment of CTS is limited. Orman et al have published that mean tissue strain was lower in the patients with CTS than in the controls similar to our results [22] . Miyamoto et al concluded that elastography provided significant improvement in the diagnostic accuracy of the ultrasonographic assessment of CTS [23] . Ghajarzadeh et al analyzed 60 median nerves by using the blue and red pixels and their indexes in a three-dimensional matrix. Mean CSA, total blue pixels, and blue indexes were significantly different between cases with different degrees of severity and the controls. They concluded that sonoelastography could be used in the diagnosis and evaluation of the severity of CTS cases [24] . Kantarci et al have published a study utilizing quantitative shear wave elastography in which they concluded that median nerve stiffness was significantly increased in patients 57.1%, 72.3% and 58.5%, respectively, in the proximal and middle segments; 75%, 57.1%, 72.7% and 60% in the distal segments.
For the discrimination of CTS the best cut-off value for CSA change score was calculated as 4.9 which was higher than the study conducted by Klauser et al [29] . Klauser et al compared the CSA measurement of the median nerve acquired at the level of the carpal tunnel and more proximally at the level of the pronator quadratus muscle and calculated their differences. They declared that the use of the CSA difference with a threshold of 2 mm 2 revealed the highest sensitivity and specificity (99% and 100% respectively) in the diagnosis of CTS.
Limitations of the study In this study 15 wrists were diagnosed with mild CTS, 15 wrists demonstrated moderate CT, whereas only 5 wrists revealed severe CTS. The mean CSA would have increased if the number of cases with severe CTS had been higher. CSA of the median nerve has been reported to increase with the severity of entrapment [35] [36] [37] . With the evaluation of a larger study sample the best cut-off points calculated in this study can be tested among the CTS subgroups to evaluate their contribution to categorization of the severity of the patients.
The inability of CSA measurements to discriminate patients with mild CTS from the control group can also be due to the low number of cases with mild CTS in our study. It should also be emphasized that not all of the studies in the literature using sonoelastography were able to discriminate both patients with mild CTS and patients with moderate to severe CTS from the control group. This discordance of the results could be attributed to the different elastosonographic methods used, which are more user dependent than others, or could be related to the differences in the selection of the patient group.
The small number of men in both the CTS and control groups may have also been a limitation, because gender was shown to affect nerve thickness [38] . Finally due to the high specificity values of NCS, false positivity was not expected in patients with positive CTS results who were included in our CTS group. Yet it has been reported that 13-27% of patients with CTS can have normal NCS results [39] [40] [41] . Therefore false negativity might have been an issue and some of the patients included in our control group might have had CTS.
Conclusions
According to this study RTE is very sensitive in the differentiation of CTS patients with both mild and moderate to severe disease from the control group. SR measurement by RTE can be strongly suggested since it does not exclude patients even with mild disease. Nevertheless RTE can not categorize the severity of the disease. The severity on the other hand can be achieved by the measurement of the CSA of the median nerve at the level of the carpal tunnel inlet by gray scale US. The combination of gray scale US and RTE can be recommended as well as the combination of symptoms, signs, diagnostic tests in the evaluation of every CTS suspected patient.
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